Introduction
In this paper, we compute absolute motions that describe the motion of plates and microplates with respect to the mesosphere. In plate kinematic and dynamic analyses, two different absolute reference frames have been utilized: fixed-hotspots and meanlithosphere. The first, the Ôhotspot reference frameÕ, is based on the assumption that individual hotspots are fixed relative to the mesosphere and to each other (Morgan, 1972; Wilson, 1973) . Under this hypothesis, a seamount chain such as the Hawaiian-Emperor describes the motion of the overlying Pacific plate relative to the Hawaiian hotspot assumed stationary. The second frame, for the no-net-rotation condition (NNR) (Solomon and Sleep, 1974) , rests upon the assumption that lithosphere and asthenosphere are uniformly coupled. Because both absolute reference frames are referred to the mesosphere, any difference between the frames would be interpreted as a net-rotation of the lithosphere with respect to the mesosphere (Forsyth and Uyeda, 1975) .
Here, we choose the hotspot reference frame (Gripp and Gordon, 2002 ) to describe 52 plate and microplate motions. In addition, we compute plate and microplate velocities in the corresponding NNR frame. Gripp and Gordon (2002) defined a hotspot reference frame using 11 segment trends and two volcanic propagation rates, obtaining absolute plate motions for an c. 5.8 Myr time interval. First, they estimated segment trends and volcanic propagation rates by least-square methods and then, in this frame, computed a set of angular velocities consistent with the relative plate motions model NUVEL-1A (DeMets et al., 1990 (DeMets et al., , 1994 . In their study, only the Hawaiian and Society tracks were used to position the Pacific plate, giving a Pacific angular velocity of 1.0613°Myr
Methods and results
)1 about a pole located at 61.467°S, 90.326°E. Adding the Pacific plate angular velocity to the relative model NUVEL-1A (DeMets et al., 1990 (DeMets et al., , 1994 results in the present-day velocities in the hotspot reference frame.
Using these methods, we computed plate and microplate motions in the hotspot frame, using the PB2002 database (Bird, 2003) for 52 plates (Table 1 and Fig. 1 ). The PB2002 model also gives 52 new plate boundaries in digital form, and relative plate and microplate motions are referred to an arbitrary Pacific plate fixed, some coming from the literature, others newly interpreted. In that model, the velocities of the 10 largest plates, Africa (AF), Antarctica (AN), Arabia (AR), Australia (AU), Cocos (CO), Eurasia (EU), India (IN), Nazca (NZ), North America (NA) and South America (SA) come from the NU-VEL-1A (DeMets et al., 1990 (DeMets et al., , 1994 ; therefore for these plates we exactly reproduced the HS3-NUVEL1A results (Gripp and Gordon, 2002 ) (Table 1). Using the other relative motions collected and proposed by Bird (2003, his Table 1) , we obtain new Euler vectors relative to the hotspots for the remaining 42 plates and microplates (Table 1) .
Although the covariance matrix of the Pacific plate is computed by Gripp and Gordon (2002) , the uncertainties of the angular velocities for plates and microplates in the hotspots are not presented in this paper, because the errors of relative plate motions of the PB2002 model (Bird, 2003) are not reported. Using errors of 50 km for the location of individual hotspots, Jurdy (1990) calculated an uncertainty of 1.1°for the hotspot reference frame. Thus, in view of that study and also the standard deviations of the HS3-NUVEL1A model (Gripp and Gordon, 2002) for plate Euler vectors, we would obtain rather large uncertainties for microplate angular velocities. Figure 1 shows current plate and microplate linear velocities relative to the hotspots. Most of the microplates are on the Pacific-Australia boundary (Fig. 1a,b) . Their motions are principally W-NW-ward directed with different velocities, except for
ABSTRACT
We have computed motions of the major plates (seven large plates and seven medium-sized plates) and 38 microplates relative to the hotspot reference frame, and present velocities of these 52 plates. Moreover, using updated plate boundaries for the present, we have computed new geometrical factors for plates and microplates, useful for kinematic calculations and to obtain the net-rotation of the lithosphere and plate velocities in the mean-lithosphere reference frame. Instead of a continuum or gradational distribution of the plates by size, the plates clearly partition into three groups each having their own characteristics. For the seven large plates, rotation poles generally lie in high latitudes; the seven medium-sized plates have rotation poles in a restricted equatorial area; the 38 small plates show the greatest scatter. Moreover subsets of the 52 plates reveal differing fractal behaviour: the large, middle and small groupings each have a characteristic fractal dimension, suggestive of microplate clustering. The highest angular velocities occur for some of the smallest plates, with the location of their rotation poles closeby. (Fig. 1d) , whereas Burna (BU) (Fig. 1e ) is mostly N-ward directed and Okinawa (ON) (Fig. 1f) is SE-ward directed. Egean Sea (AS) and Anatolia (AT) (Fig. 1g) have instead SW-ward oriented linear velocities.
Starting with these data, we compute plate and microplate geometrical factors, useful to compute net-rotation of the lithosphere. We define the symmetric tensor I p (Gordon and Jurdy, 1986; Jurdy, 1990) describing plate geometry for a single plate p on a unit sphere:
where x, y, z are the Cartesian coordinates of a plate p, S the plate surface and dS is the area element. The x-, yand z-directions are defined from the centre of the Earth to (0°N, 0°E), (0°N, 90°E) and (90°N, 0°E), respectively. Geometrical factors of plates and microplates defined by Eq. (1) are reported in Table 1 .
The net-rotation of the lithosphere concept can assume different geophysical meanings (Lliboutry, 1974; Solomon and Sleep, 1974) ; it also describes the NNR framework rotation with respect to the hotspot frame (Argus and Gordon, 1991) .
The net-rotation angular velocity x nr can be computed with a matrix equation:
where P is the total number of plates and microplates, I p is geometrical factors for plate p, and x p is the Jurdy Terra Nova, Vol 18, No. 4, [276] [277] [278] [279] [280] [281] angular velocity for that plate (Table 1) . The resulting present net-rotation of the lithosphere relative to the mesosphere is described by a righthanded rotation about an Euler pole at 55.319°S, 69.384°E and 0.4296°Myr
. To obtain the angular velocity of a single plate p in the mean-lithosphere frame, the net-rotation angular velocity x nr is subtracted from the angular velocity x p . The mean-lithosphere framework is a reference frame based on the global plate geometry and velocities of every plate. Thus, any change in the assumed relative plate velocities and geometry results in a different net-rotation of the lithosphere. Indeed, using various plate motion models, hotspot locations or geometrical factors yield different values of net-rotation angular velocity: 0.251°Myr )1 about a pole located at 51.50°S, 65.60°E (Harper, 1986) ; 0.150°Myr )1 about a pole located at 56.00°S, 84.00°E (Ricard et al., 1991) ; 0.33°Myr )1 about a pole located at 49.20°S, 64.90°E (Argus and Gordon, 1991) ; 0.436°Myr )1 about a pole located at 55.91°S, 69.93°E (Gripp and Gordon, 2002) . Although unresolved questions about hotspots remain, such as the number and the source depth (Foulger et al., 2005) , nonetheless the hotspot reference frame remains a convenient -and easy to visualize -framework in which to study plate kinematics and dynamics. Thus we utilize the hotspot framework in our study.
Discussion
We have estimated current velocities for the plates including 38 new microplates in the hotspot reference frame, incorporating the PB2002 model (Bird, 2003) . We also present a new net-rotation angular velocity including microplate contributions and necessary rotation to obtain plate angular velocities in the mean-lithosphere framework. Our results (Table 1, Figs 2-5) show some kinematic and geometric patterns related to plate size. No continuum or gradational distribution of plate size exists. Plates clearly partition into three groups: large, middle and small. The seven large plates (PA, AF, AN, NA, EU, AU, SA) all exceed 1.03 sr; together these comprise 81.0% of the Earth's surface and dominate with 85.3% of the net-rotation velocity computation. Next, the seven middle plates (SO, NZ, IN, SU, PS, AM, AR), in the range of 0.47-0.12 sr, cover 14.0% of the surface area and contribute 9.8% of the velocity computation. The remaining 38 plates span three orders of magnitude in size and lie in the range 0.0748-0.0002 sr, accounting for 4.9% of the total area and 5.2% of the total net-rotation.
The distribution of the plates over Earth's surface shows a relation to the size-grouping of plates. The largesized lithospheric plates cover most of the Earth's surface. Middle-sized plates are positioned in equatorial regions (except AM, Fig. 2 ), whereas most of the small plates lie on the interfaces of the large plates, i.e. the Australia-Pacific, the Eurasia-Pacific and the Nazca-South America boundary (Fig. 2) , suggesting that some might be interpreted as parts of the diffuse margin of the two large plates. In addition, the plate angular velocities show a pattern with plate size: these generally increase with decreasing plate area (Fig. 3) highest values for some of the smallest plates (e.g. JZ and MN). Fractals relate geometry at different scales, and as Feder (1988) argues, can give insight into our understanding of naturally occurring objects. The plates, which range in size over four orders of magnitude (Table 1) , provide a compelling opportunity for fractal analysis. We examine the fractal behaviour of the plates by plotting the log of the plate area in steradians vs. the log of plate count (shown in Fig. 4 ). Bird has considered the fractal properties of the plates (Bird, 2003, his Fig. 19 ) and finds that the plates having areas between 0.002 and 1.000 sr (JZ to SA for his 38 plates) can be approximately described by a power law:
where Cc is the cumulative count of plates and A is the plate area in steradians.
Here, we note that the fractal behaviour of the plates also depends on the size range. In Fig. 4 , we show that the largest seven plates define one slope, or fractal behaviour, and the middle seven another slope, whereas remaining 38 plates have a different fractal behaviour. The largest seven (omitting the Pacific as an exception, as Bird has done) have a slope of less than )2 (Fig. 4a) . The middle-sized plates (Fig. 4b) have a slope of less than )2 (the reference line), and the small plates -particularly no. 22-48 match the reference line slope of )2 (Fig. 4c) . The change in slope from )2 may be a consequence of a clustering behaviour for the smaller plates. This clustering ceases once the plate's size increases from about 4% to more than 12% of the surface of the Earth. Feder (1988) shows a similar fractal behaviour for the clustering of silica particles (e.g. Feder, 1988, Chapter 3) . The curve flattens for the smallest plates. Bird's explanation for this flattening of the curve lies in the current incompleteness of the data set for plates smaller than SL, 0.0002 sr.
Additional patterns emerge concerning the absolute motions of the plates based on their groupings by size. The Euler poles for large plates concentrate over less than 10% of a hemisphere near a mean latitude of 60°S, except for AU, a consequence of its north-west motion (Fig. 5a ). However, the Euler poles for middle-sized plates are generally more equatorial in distribution, but scatter more, spread over about 20% of a hemisphere (Fig. 5a ). The rotation poles of the small plates generally show considerable scatter, although poles avoid the regions populated by the poles for the large and middle-sized plates (Fig. 5b) . This is a consequence of microplate behaviour, as noted by Engeln et al. (1998) : the rotation poles describing microplate motion lie close by, thus have large rotations. This may explain the difference in location of rotation poles and size of the rotation for small microplates, when compared with the seven larger plates. These high velocities and the locations of rotation poles fairly close to the corresponding plates may offer a criterion to distinguish independent microplates from diffuse margins.
We have shown in this paper that there appears to be a natural partitioning of plates into three groups based on their size. Each subset of plates shares some common charac- teristics. These similarities within groups include the nature of plate distribution over the Earth, location of rotation poles, size of the corresponding rotations, as well as the observed fractal behaviour. This breakdown by plate size may be a natural consequence of plate tectonics: large plates and most of the middle being moved predominantly by driving forces, and small ones clustering at the interfaces. 
